Thermodynamics of a deeply degenerate SU($N$)-symmetric Fermi gas by Sonderhouse, Lindsay et al.
Thermodynamics of a deeply degenerate SU(N)-symmetric Fermi gas
L. Sonderhouse,1, ∗ C. Sanner,1 R. B. Hutson,1 A. Goban,1, † T.
Bilitewski,1, 2 L. Yan,1 W. R. Milner,1 A. M. Rey,1, 2 and J. Ye1
1JILA, National Institute of Standards and Technology and University of Colorado,
and Department of Physics, University of Colorado, Boulder, CO 80309, USA
2Center for Theory of Quantum Matter, University of Colorado, Boulder, CO 80309, USA
(Dated: March 10, 2020)
Many-body quantum systems can exhibit a striking degree of symmetry unparalleled by their
classical counterparts. While in real materials SU(N) symmetry is an idealization, this symmetry
is pristinely realized in fully controllable ultracold alkaline-earth atomic gases. Here, we study an
SU(N)-symmetric Fermi liquid of 87Sr atoms, where N can be tuned to be as large as 10. In
the deeply degenerate regime, we show through precise measurements of density fluctuations and
expansion dynamics that the large N of spin states under SU(N) symmetry leads to pronounced
interaction effects in a system with a nominally negligible interaction parameter. Accounting for
these effects we demonstrate thermometry accurate to one-hundredth of the Fermi energy. We also
demonstrate record speed for preparing degenerate Fermi seas, reaching T/TF = 0.12 in under 3 s,
enabled by the SU(N) symmetric interactions. This, along with the introduction of a new spin
polarizing method, enables operation of a 3D optical lattice clock in the band insulating-regime.
Modern quantum science strives to understand and
harness the rich physics underlying interacting many-
particle systems. In particular, ultracold quantum gases
have been established as ideal model systems to explore
open questions in condensed matter physics ranging from
understanding superconductivity to realising highly cor-
related states and exotic phases of matter [1, 2]. It is
often the interplay of interactions and symmetries that
shapes the complex behavior in these quantum many-
body systems [3].
The dominant interactions at ultralow temperatures
in quantum gases occur via s-wave contact scattering,
which, for identical fermions, vanishes due to the anti-
symmetry of fermionic wavefunctions. Therefore, multi-
component gases are required to realize interacting Fermi
systems. Whereas binary mixtures are well studied versa-
tile platforms for quantum simulation capable of explor-
ing a wide parameter space [4, 5], the additional freedom
in choosing the number of spin components, N , offers
unique, largely unexplored opportunities.
Indeed, in alkaline-earth fermionic atoms, the com-
plete decoupling between the nuclear and electronic de-
grees of freedom intrinsic to their internal ground state
manifold gives rise to perfectly SU(N)-symmetric two-
body interactions, characterized by a single nuclear-spin-
independent scattering length a. This raises the ques-
tion to what extent this enlarged symmetry enriches the
many-body behavior, and how it affects the thermody-
namic and statistical properties of the quantum gas as N
is increased.
While recent studies have started to investigate the in-
triguing properties of SU(N) quantum matter, most of
the effort so far has been concentrated on the investi-
gation of lattice-confined gases [3, 6–11]. On the other
hand, experiments probing the role of SU(N) interactions
in a regime where a Fermi liquid description is accurate
have been limited to non-degenerate [12] or only slightly
degenerate gases [13–16]. Here, we explore a deeply de-
generate regime where N Fermi seas coexist and funda-
mentally modify the system’s thermodynamics (Fig. 1).
In addition to enriching the system’s quantum behav-
ior, SU(N) symmetry is an untapped resource for cool-
ing [7, 17–19]. It can enhance the collision and thermal-
ization rate during evaporative cooling without inelastic
spin collisions and, thus, provide a tool to efficiently re-
move entropy from the system.
In this work, we study a deeply degenerate SU(N) sym-
metric 87Sr Fermi gas with N ≤ 10. We show how the
large number of nuclear spin states enables an unprece-
dented short preparation time to reach Fermi degeneracy
with a temperature T/TF = 0.12 achieved in just under
3 s, where TF is the Fermi temperature. We use the
rapid preparation and deep degeneracy to study the pro-
nounced modifications introduced by SU(N) interactions
on the thermodynamic properties of the gas [20]. In par-
ticular, we experimentally demonstrate and theoretically
validate within a kinetic approach the effects of SU(N)
interactions on the density profile, number fluctuations
and compressibility, as well as the time-of-flight dynam-
ics of the gas. Our study paves the way for future in-
vestigation of SU(N) interactions in regimes where even
richer physics emerges and Fermi liquid theory becomes
invalid. Furthermore, we introduce a Stark-shift-enabled
spin selection technique to spin-polarize deeply degener-
ate gases, allowing efficient preparation of a low entropy
Fermi gas that is invaluable for further development of a
quantum-degenerate 3D lattice clock [21, 22]. Our spin
selection technique improves the stability of state-of-the-
ar
X
iv
:2
00
3.
02
40
8v
2 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 7 
M
ar 
20
20
2art optical clocks, which are currently limited by the time
spent preparing the system [23–29]. This is particularly
relevant in the context of recently proposed lattice clocks
relying on engineered quantum states of matter [30].
Fast preparation
Our preparation scheme (Fig. 2a) begins with stan-
dard laser cooling techniques developed for alkaline-earth
atoms [31]. After two stages of laser cooling, roughly 107
atoms are cooled to 2 µK in a far-off-resonant crossed
optical dipole trap (XODT) with a sheet-like geometry
[21, 32]. A vertically oriented round optical dipole trap
(VODT) forms a dimple in a horizontal optical sheet po-
tential that is provided by an elliptically shaped horizon-
tal optical dipole trap (HODT) (Fig. 2c). The HODT
provides support against gravity and therefore deter-
mines the effective trap depth.
The density obtainable in a MOT is generally limited
by inelastic light-assisted collisions [33] and reabsorption
of the cooling light, which leads to an effective repulsion
between atoms [34]. To further increase the density inside
the dimple beyond these limits, we locally apply an addi-
tional laser that renders atoms inside the dimple region
transparent to MOT light, a method that was adapted
from bosonic 84Sr [35]. The beam spatially overlaps with
the VODT but has a slightly larger waist. This “trans-
parency” laser shifts the cooling light out of resonance,
and a high density can then be reached inside the dim-
ple, where atoms collect. Atoms in the dimple thermalize
with atoms in a large reservoir part of the trap, which
are continually being cooled by the MOT light.
The transparency beam has allowed the production of
Bose-Einstein condensation without additional evapora-
tion [35]. However, for fermions additional complications
can arise. Compared to bosonic strontium, 87Sr has addi-
tional hyperfine structure, creating a different AC Stark
shift for each nuclear sublevel. Transparency from both
the trapping and stirring second stage MOT lasers is also
required [36]. Accordingly, we use transparency light that
is blue-detuned by 25 GHz from the 3P1 − 3S1 transition
(Fig. 2b). This provides an ample shift for all nuclear spin
states and keeps spontaneous scattering events beyond
relevant experimental time scales. The beam is linearly
polarized and perpendicular to the magnetic quantiza-
tion field, which is applied along gravity. With this ge-
ometry, the smallest Stark shift still detunes the excited
state by 250 linewidths. After 400 ms of cooling with the
transparency beam, the number of atoms in the dimple
saturates with 5× 106 atoms, i.e. about 50% of the total
atom number, a temperature of 2µK, and T/TF = 1.9
(see Methods). Lower temperatures can be achieved by
adjusting the MOT light, but without further improving
the phase space density.
The very dense and almost degenerate sample can then
be further cooled via forced evaporation. Spin relaxation
is absent due to the SU(N)-symmetric nature of 87Sr
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FIG. 1. Degenerate bosons, fermions, and SU(N)
fermions. Unlike bosons which can occupy the same state,
indistinguishable fermions must separate into different energy
levels. SU(N) fermions, on the other hand, can have N par-
ticles per state. In a given level, each particle has (N − 1)
distinct partners, as shown in the top right, and interactions
are correspondingly enhanced.
in the 1S0 ground state; however, over the timescale of
seconds we observe a decay of the sample which is well
described by a 3-body loss process with k3 = 4.7(1.2) ×
10−30 cm6/s (see Methods).
Before quantum degeneracy, the elastic collision rate
[37] for a balanced spin mixture with spatially averaged
single-spin density n¯σ is proportional to (1− 1/N)Nn¯σ.
Assuming a constant atom number per spin state, it is
thus advantageous to have all 10 spin states populated.
We reach an initial collision rate of 1000 s−1 with N =
10. Evaporation begins at a trap depth of 20µK with
trap frequencies in the dimple of (νr, νz) = (100, 800) Hz.
The HODT intensity is then reduced in a two-stage ramp
down to a final trap depth of a few 100 nK with trap
frequencies of (100, 200) Hz.
After 600 ms of evaporation, we reach T/TF = 0.22
with 3 × 104 atoms per spin state. Slower evaporation
leads to lower temperatures, and we achieve T/TF = 0.07
with 5 × 104 atoms per spin state after evaporating for
2.4 s. This marks a considerable improvement over pre-
vious evaporation results, where evaporation stages took
around 10 s [21], limiting the full potential of Fermi-
degenerate optical atomic clocks [38].
We observe an approximate 1/(N − 1) scaling of the
total evaporation time with the number of spin states
participating in evaporation as shown in Fig. 2d, reflect-
ing the reduction in collisional partners for smaller N .
Here, each sample is prepared with the same atom num-
ber per spin state and T/TF , and is measured after reach-
ing T/TF = 0.12. The final atom number per spin state
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FIG. 2. Preparation of a degenerate Fermi gas. a, Timing diagram showing stages of the experimental sequence. Single
spin samples with 20,000 atoms at T/TF = 0.2 are prepared in a 3D optical lattice in under 3 s. b, Level diagram depicting
the energy transitions for the transparency beam and Tensor Stark Shift Spin Selector (TenS4). c, Atoms are confined in a
crossed optical dipole trap consisting of a reservoir and dimple trap, and accumulate in a dimple after a “transparency” laser
is applied. The transparency and TenS4 lasers overlap with the dimple, and form a 10◦ angle with respect to gravity. d, Time
to reach T/TF = 0.12 for different numbers of nuclear spin states N participating in evaporation. Each trajectory is prepared
with 9.6(8) × 105 atoms per spin state and T/TF = 2.0(1). The gray band denotes a 1/(N − 1) scaling based on the number
of initial collisional partners, given a ±20% change in the atom number. e, Combined optical and gravitational potential after
application of the TenS4 laser. The beam creates a spin-dependent modification of the potential, and only atoms in spin state
mF = +9/2 (purple line) are supported against gravity. Atoms in mF = −9/2 and −7/2 are removed through optical pumping.
f, Spin purity after application of the TenS4 laser for 10 ms. Atoms are loaded into a 3D optical lattice and the spin state
population is determined using selective excitation on the ultranarrow 1S0–
3P0 transition. Gray triangles correspond to spin
states that are removed through optical pumping. Error bars are included.
changes by roughly a factor of two as N varies.
Spin Manipulation
In order to manipulate the spin composition of the atom
sample, particularly to prepare a spin-polarized gas, we
apply a spin-selective optical potential to the atoms af-
ter evaporation. While past procedures have used optical
Stern-Gerlach techniques to separate out spin states dur-
ing time-of-flight [39–41], our method, the Tensor Stark
Shift Spin Selector (TenS4), creates a spin-selective force
on the atoms from the tensor Stark shift of a laser while
the atoms remain trapped in the XODT. Atoms with the
same |mF| experience a small differential force due to an
applied magnetic field of 5 G. This magnetic field is too
small to fully remove mF = −9/2 and −7/2. We thus
conventionally remove these spins via optical pumping
prior to evaporative cooling. For the SU(N) measure-
ments in the following section, however, we always use
all 10 nuclear spins. The TenS4 beam is offset from
the atoms such that the AC Stark shift varies across
the atomic sample by hundreds of nK, which causes a
spin-dependent modification in the combined optical and
gravitational potential of the atoms (Fig. 2e). The TenS4
laser is blue-detuned from the 3P1, F = 11/2 transition
by 266 MHz (Fig. 2b), where the polarizability from 3P1,
F = 11/2 cancels the polarizability from 3P1, F = 9/2
for nuclear spin state mF = +9/2. As a result, atoms
with mF = +9/2 are unaffected by the TenS4 laser while
all other spin states feel a repelling force. A detailed
experimental protocol is provided in the methods.
The spin purity after applying the TenS4 laser for
10 ms is measured by loading the atoms into a deep 3D
optical lattice. The spin population for each nuclear spin
state is then read out through selective pi-pulse excita-
tions on the clock transition. We measure 92% of the
atoms in the target mF = +9/2 state, as shown in Fig. 2f,
and an atom number of 3.3× 104 after application of the
TenS4 beam, in rough agreement with 1/8th of the ini-
tial atom population of 2.5×105. The temperature of the
sample heats by only ∼10%, producing T/TF = 0.2. Our
technique provides spin-state selectivity without optical
excitation and as a result does not cause light-induced
heating, overcoming issues typically associated with op-
tical pumping schemes.
Characterization of SU(N)-enhanced interac-
tions
Having prepared a high-density deeply degenerate
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FIG. 3. Local density fluctuations of an SU(N) degen-
erate gas. Density fluctuations after 11.5 ms time-of-flight
for a degenerate cloud with N = 10 nuclear spin states (red
points). The data is fit using an SU(N) interacting model
to extract T/TF = 0.16 (red solid line), with shading repre-
senting a 2σ uncertainty of ±0.02T/TF . Fitting the data in-
stead to a non-interacting ideal Fermi gas gives T/TF = 0.13
(blue dashed line), showing an interaction-induced suppres-
sion of ∼20%. The total density fluctuations are 25% of that
of the thermal gas. A thermal cloud (purple points) repro-
duces Poisson statistics with ∆N˜2/N˜ = 1 (purple dot-dashed
line).
SU(10) gas, we demonstrate in the following that a nomi-
nally very weakly interacting quantum system with inter-
action parameter kFa  1, where kF is the Fermi wave
vector, can develop striking interaction effects due to
SU(N) enhancement. The nuclear spin degree of freedom
substantially modifies the character of the gas towards
an interacting multi-component Fermi liquid with subtle
consequences for correlation analysis and thermometry.
In order to investigate this intriguing quantum system
and illuminate the role of SU(N) symmetry, we perform
measurements that characterize the system’s thermody-
namics. A key quantity in this context is the isothermal
compressibility κ = 1n2
∂n
∂µ , where n = N nσ denotes the
particle density and µ the chemical potential. For 87Sr
with a = 97aBohr, the contact interactions are repulsive
and one expects a decreased compressibility compared
to an ideal Fermi gas with compressibility κ0. For a
homogeneous gas in the zero temperature limit where
κ0 = 3/(2NnσEF ) with Fermi energy EF and Fermi
wave vector kF = (6pi
2nσ)
1/3, one finds to first order in
kFa the ratio κ0/κ = 1+(N−1) 2kFa/pi [20]. Therefore,
the symmetricN -component system is effectively (N−1)-
fold more repulsive than a typical two spin component
Fermi liquid. The favorable scaling with number of inter-
nal levels has to be contrasted with the weak dependence
of the compressibility on the atom number per spin state
in a harmonically trapped gas, where kF ∝ N1/6σ .
Experimentally, we access the compressibility of the
gas by measuring its local density fluctuations. Fluc-
tuations, either thermal or quantum, are the drivers
of phase transitions, and are sensitive to the under-
lying phase of matter, its quasi-particles and interac-
tions. The fluctuation-dissipation theorem states that
the thermally driven fluctuations of a thermodynamic
variable are fundamentally related to the conjugate ex-
ternal force through the susceptibility [42]. Considering
a small subvolume of the gas cloud containing on average
N˜ atoms, the corresponding generalized force is the local
chemical potential µ. The relative number fluctuations
η = ∆N˜2/N˜ are therefore related to the susceptibility
∂N˜/∂µ via η = nkBTκ, where kB is the Boltzmann con-
stant. While the equation of state of a classical ideal
gas dictates η = 1, one expects for a deeply degenerate
ideal Fermi gas η = 3/2 T/TF . These sub-Poissonian
fluctuations reflect the degeneracy pressure in the gas.
Combined with the compressibility reduction due to re-
pulsive interactions one therefore expects to first order in
temperature and interactions (see Methods):
η =
3
2
T/TF
1 + 2pi (kFa)(N − 1)
,
which suggests that even in the kFa 1 limit the inter-
action effects become non-negligible due to the (N − 1)-
fold SU(N) enhancement.
Our density fluctuation measurements are performed
on expanded gas clouds. After abruptly turning off
the harmonic confinement (νr = 130 Hz, νz = 240 Hz)
the quantum degenerate sample that contains in total
10 × 59000 atoms such that kFa = 0.07 freely expands
over 11.5 ms. We then obtain line-of-sight integrated
density profiles via absorption imaging. Following the
protocol described in [43] we run this experiment in a
repeated fashion so that for each projected subregion of
the cloud containing on average N˜ atoms we can mea-
sure the statistical variance ∆N˜2. Fig. 3 shows the re-
sults obtained from 400 individual images together with
a calibration line derived from noise measurements on
a thermal gas. Pronounced noise suppression down to
about 25% of thermal noise in the center of the sample
indicates that the gas is deeply in the quantum regime.
To quantitatively interpret the noise data beyond
first order and decouple Pauli suppression and SU(N)-
enhanced interaction contributions, we calculate the ex-
pected line-of-sight integrated number fluctuations based
on a kinetic approach [44, 45], using the collisional
Boltzmann-Vlasov equation with a mean field interac-
tion term. The Boltzman-Vlasov equation describes the
evolution of the semi-classical phase-space distribution
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FIG. 4. Cloud anisotropy. a, b, c, Line-of-sight integrated atomic density for 0.5 ms, 3.5 ms, and 8.5 ms time-of-flight (ttof )
expansion times. The colorbar’s unit corresponds to the number of atoms per 1.37 µm2. d, Aspect ratio of a cloud of cold
atoms with 10 nuclear spin states released from an optical dipole trap for variable expansion times. After ∼3 ms, the aspect
ratio passes through unity (black dashed line), a clear signature of interactions in the gas. At long times, the sample approaches
an aspect ratio of 1.12 (grey line). The sample has an initial trap asymmetry of νz/νr = 6.4. The red dashed line shows the
expected aspect ratio with T/TF = 0.16 assuming an interacting model; without interactions the theory produces the grey
dash-dotted line. e, Aspect ratio versus initial trap asymmetry of a degenerate gas for 10 (red circles) and 1 (blue squares)
spin states after time-of-flight expansion for 15.5 ms. The interacting model reproduces the experimental results (red dashed
line). f, Aspect ratio versus temperature. Data is shown with roughly the same atom number per shot. The data is fit using
an interacting model that includes both a mean-field interaction and an additional collisional term (red dashed). Neglecting
the collisional term fails to explain the results (gray dash-dotted).
f(r,p):(
∂t +
p
m
· ∇r −∇r [U(r) + VMF(r)] · ∇p
)
f = Ic(f) ,
(1)
due to ballistic motion of particles (second term), the
forces due to the harmonic trapping potential, U =
m/2
∑
i(2piνi)
2r2i , the mean field interactions, VMF =
g(N−1)n with g = 4pih¯2a/m, and the collisional integral,
Ic(f) (see Methods) [45, 46]. Solving the Boltzmann-
Vlasov equation in equilibrium and for finite tempera-
ture allows us to obtain the real space density, n, from
which we can compute the compressibility, and thus the
number fluctuations in trap and after time of flight. By
fitting this model to the observed fluctuations, we ex-
tract a temperature T/TF = 0.16 ± 0.01. At these low
temperatures, Ic(f) plays no role.
To illustrate the interaction-induced compressibility
change we additionally fit a non-interacting model to the
noise data, which gives an apparent T/TF = 0.13± 0.01,
indicating a ∼20% compressibility reduction due to inter-
actions. More precisely, we find that the compressibility
in the center of the trap is reduced by 18% compared
to a non-interacting gas at the same density and tem-
perature. This percentage is comparable to the ratio of
21% between the interaction energy in a small volume
V at the centre of the cloud, g/2 (N − 1)n2σV , and the
total energy of a noninteracting Fermi gas at the same
density, 3/5EFnσV . Clearly, without prior knowledge
of the interaction parameter, one cannot distinguish be-
tween a colder or more repulsively interacting system.
Having a full thermodynamic description at hand we
also perform global profile fits of the acquired images
to numerically calculated density distributions and find
T/TF = 0.17±0.01, which is in good agreement with the
temperature derived from density noise measurements.
To unambiguously distinguish between temperature
and interaction effects we study the expansion dynam-
ics of the cloud after being released from the trap. In
addition to the kinetic energy of the gas, interactions
provide an additional release energy that is mapped to
momentum after long time-of-flight. Since the mean field
energy preferentially pushes atoms along the direction
of the largest density gradient, this conversion produces
an anisotropic distribution after long time-of-flight, see
Fig. 4a-c. The expansion can be described via scaling
solutions of the time-dependent Boltzmann-Vlasov equa-
tion (see Methods) [47–50]. Whereas the effect on the
initial density can be partly captured by a lower tem-
perature, the interaction terms during expansion cannot,
6and results in a non-unity aspect ratio at long times.
This is in stark contrast to the expansion behavior of an
ideal Fermi gas where expansion is purely ballistic and
after long time-of-flight reflects the isotropic momentum
distribution even if the confining potential is anisotropic.
Fig. 4d displays the aspect ratio of a SU(10) atom
cloud measured after variable expansion times ttof out
of a harmonic trap with νr = 125 Hz and νz = 800 Hz.
The sample contains 50,000 atoms per spin component
at T/TF = 0.16. Initially, the atom cloud reproduces
the trap’s asymmetry. As νr,zttof becomes larger than
one, the spatial density distribution is more and more
determined by the momentum distribution in the gas.
Observing an inversion of the aspect ratio beyond 1 is
an unambiguous signature that interactions have modi-
fied the isotropic momentum distribution during time-of-
flight [51].
To further explore this behavior we present in Fig. 4e
measurements of the expanded cloud aspect ratio (ttof =
15.5 ms) as a function of the confinement asymmetry for
a 10-component gas and a spin-polarized gas, both at
T/TF = 0.16. In the non-interacting case N = 1 (blue
data points), the aspect ratio is always 1 as expected in
the long time-of-flight limit. Finally, we show in Fig. 4f
the dependence of the observed cloud aspect ratio on
T/TF for a fixed initial confinement with νr = 130 Hz
and νz = 725 Hz and unchanged ttof = 15.5 ms. Atomic
interactions include a mean field term ∝ a and a colli-
sion integral Ic(f) ∝ a2, see equation (1). The latter,
however, is only relevant in the presence of high collision
rates, and, in fact, its pronounced effect is observed when
the gas is relatively hot (Fig. 4f). In comparison, at low
temperatures the interaction energy and kinetic energy
become comparable, and the collisional rate is suppressed
by Fermi statistics.
All measurements are well reproduced by our quanti-
tative model (see Methods). Because aspect ratio mea-
surements via Gaussian fits are fairly immune to most
imaging artifacts, they can be exploited to perform pre-
cise thermometry of the interacting Fermi gas.
Beyond their directly visible manifestation through
cloud ellipticity one can also identify interaction-modified
expansion dynamics by carefully inspecting high-signal-
to-noise absorption images. Fig. 5 illustrates that a
presumably round line-of-sight integrated density pro-
file n(x, z) still contains a systematic interaction signa-
ture. After a time-of-flight time of 11.5 ms we observe
density profiles that at first sight appear circularly sym-
metric (first row) for the experimental data (first col-
umn), the noninteracting (second column) and the inter-
acting model (third column). Interactions are revealed
in the transpose-anisotropy of the density distribution,
defined as n(x, z) − n(z, x), shown in the second row.
Both the experimental data and the interacting model
exhibit pronounced lobes that are not visible in the non-
FIG. 5. Interaction signatures. a,b,c, Line-of-sight inte-
grated atomic density n(x, z) after time-of-flight for the exper-
imental data, non-interacting theory, and interacting theory,
respectively. The colorbar’s units represent the number of
atoms per 1.37 µm2. Images are shown with an initial trap
asymmetry of νz/νr = 1.8 and T/TF = 0.17. d,e,f, The
anisotropy of the cloud, defined as n(x, z)− n(z, x), is shown
in the second row, where lobes are clearly visible for clouds
with interactions. To improve the signal-to-noise ratio the ex-
perimental image is first symmetrized by reflection along the
x and z-axes. g,h,i, If the anisotropy is integrated along one
direction, peaks symmetric to the center of the gas appear for
the interacting distribution that are sensitive to temperature,
while the non-interacting signal shows a different signature
that displays only weak temperature dependence. Here, the
red lines show the integrated anisotropy of the images in (d-f),
while the blue dashed lines in (h) and (i) show the integrated
profile for a 50% hotter temperature.
interacting case. Finally, a one-dimensional measure of
this anisotropy can be defined by integrating over one of
the axes (
∫
dz(n(x, z) − n(z, x))) as shown in the third
row. In the integrated transpose-anisotropy we observe
peaks symmetric to the centre of the cloud whose height
are sensitive to T/TF for the experimental data and the
interacting model, whereas in the noninteracting case this
anisotropy is significantly reduced, inverted and insensi-
tive to temperature. Thus, the anisotropy reveals the
interacting nature of the Fermi gas in a single absorption
image and can serve as a precise temperature probe.
Concluding remarks
We have demonstrated that SU(N) symmetry substan-
tially enhances interaction dynamics in a quantum de-
generate Fermi gas. This allows us to reach ultralow
temperatures in record speed. Creating a spin-polarized
sample in under 3 s is an important milestone for the re-
alization of atomic clocks probing engineered quantum
7states of matter [30]. The many-body problem for the
dilute repulsively interacting Fermi gas can be solved ex-
actly, and we have shown with high precision how the
additional spin degree of freedom systematically modifies
thermodynamic properties in the bulk gas. This opens
the path for future quantum simulators to systematically
explore SU(N)-symmetric Fermi systems in periodic po-
tentials.
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Methods
Transparency laser: The transparency light is derived
from an extended cavity diode laser (ECDL) that is fil-
tered by a volume Bragg grating. Due to amplified spon-
taneous emission (ASE), we see a lifetime in the dimple
of 5 s. The beam is linearly polarized along x, while a
small magnetic field is applied along z. To separately
extract the number of atoms in the dimple and reser-
voir, the HODT is extinguished. Atoms in the dimple
are guided by the VODT which has a small angle with
respect to gravity, while atoms in the reservoir undergo
free expansion. This spatially separates the atoms in the
dimple and the reservoir, and atom numbers can be re-
spectively counted through absorption imaging. T/TF is
then extracted for atoms in the dimple by calculating TF
and measuring the temperature, which is determined by
fitting the reservoir and dimple atoms to a Gaussian fit
after extinguishing the XODT after long time-of-flight.
Three body loss: To determine the three-body loss
coefficient k3, we load a thermal gas with temperature
T = 1.45µK into the dimple part of the recompressed
dipole trap. Starting from an initial central density of
n = 3.9 × 1014 cm−3 we measure over the next ten sec-
onds a decay of the total atom number N˜(t) as a function
of the holding time t. The observed atom loss is modeled
as
N˜(t) = N˜(0)− k3
∫ t
0
dτ
∫
n3(r, τ)dV , (2)
where n(r, t) is the atomic density at position r and
time t. We find a three-body loss coefficient of k3 =
4.7(1.2)× 10−30 cm6/s. Interestingly, this is a factor of 2
larger than the recent lattice-based 3-body measurement
that showed agreement with a universal Van der Waals
model [10]. Discrepancies in 3-body loss between bulk
gas measurements and predictions have been seen before
[52, 53], suggesting the challenge of accounting for inho-
9mogeneous density profiles. Under our experimental con-
ditions, single and two-body contributions are expected
to be negligible over a time interval of ten seconds and
using a corresponding model we find them to be statisti-
cally insignificant.
TenS4 laser: The TenS4 laser overlaps with the VODT
and the transparency beam, and has a 30µm waist with a
peak intensity of 0.15 kW/cm
2
. The beam is linearly po-
larized along y, along which a small magnetic field of 5 G
is also applied, producing a small differential force be-
tween mF states of opposite signs. Due to our relatively
small magnetic field and optical power, the TenS4 beam
does not provide enough force to completely remove all
other nuclear spin states. Consequently, we convention-
ally remove atoms with mF = −9/2 and mF = −7/2
prior to evaporation using optical pumping to aide with
spin selectivity. To ensure that we are not addressing a
molecular resonance, photoassociation spectra were mea-
sured at a variety of detunings from the 3P1, F = 11/2
resonance. Additionally, a low-finesse cavity is used to
filter out ASE from the ECDL laser source which pro-
duces significant on-resonant scattering.
Model: Our system is well described by the Hamiltonian
H =
∑
σ
∫
d3r ψˆ†σ(r)
(
−∇
2
2m
+ U(r)
)
ψˆσ(r)
+
g
2
∑
σ,σ′
∫
d3rψˆ†σ(r)ψˆ
†
σ′(r)ψˆσ′(r)ψˆσ(r)
(3)
where ψˆσ(r) creates a fermion of spin σ at point r.
The fermions are confined by a harmonic trapping po-
tential U = m/2
∑
i(2piνi)
2x2i and interact via SU(N)-
symmetric s-wave contact interactions of strength g =
4pih¯2a/m given in terms of the scattering length a and
the atomic mass m.
Kinetic Approach: To study the collective behaviour
of the quantum gas, we use a kinetic approach [44, 45]
considering the semi-classical phase space distribution
fσ,σ′(r,p) defined as
fσ,σ′(r,p) =
∫
d3r′eipr
′ 〈
ψˆ†σ(r + r
′)ψˆσ′(r− r′)
〉
(4)
in terms of the fermionic creation/annihilation operators.
The real space atomic density is then given by nσ(r) =∫
d3p fσ,σ(r,p).
We will further assume that the Wigner function is
purely diagonal in the spin indices, i.e. we will neglect
any off-diagonal contributions, and since the experiment
prepares an equal number of atoms in each spin state,
that the diagonal terms are all equal, fσ,σ′ = δσ,σ′f .
Finally, we will treat the interparticle interaction in the
mean-field approximation assuming an interaction energy
VMF = g(N − 1)n(r) (5)
which is directly proportional to the real space density
n(r), the interaction strength g, and the number of spin
species N − 1.
With these approximations the collisional Boltzmann-
Vlasov equation reads(
∂t +
p
m
· ∇r −∇r [(N − 1)gn(r) + U(r)] · ∇p
)
f = Ic[f ] ,
(6)
which describes the dynamics of the phase-space distri-
bution due to ballistic motion of particles (second term),
the forces due to the mean field energy (third term) and
the trapping potential (fourth term), and collisions be-
tween particles via the collision integral Ic [45].
Relaxation time approximation: Instead of a de-
tailed treatment of the collisions between particles we
employ the relaxation time approximation [46], which ap-
proximates
Ic[f ] = −f − fle
τ
, (7)
where f approaches the local equilibrium state fle over
a characteristic relaxation time τ .
We follow [54, 55] and approximate the relaxation time
as
(2piντ)−1 = (N − 1) 4
5 31/3pi
(
N˜1/3
a
aho
)2
FQ(T/TF ) ,
(8)
where FQ(T/TF ) is a universal function given by an in-
tegral [54]. FQ vanishes as (T/TF )
2 at low temperatures,
a signature of Fermi statistics, is of order 1 in the inter-
mediate temperature regime, and vanishes as (T/TF )
−1
at higher temperatures.
Equilibrium Solution: Solving the Boltzman-Vlasov
equation in equilibrium we obtain
f(r,p) =
1
e
β
(
p2
2m+U(r)+g(N−1)n(r)−µ
)
+ 1
(9)
which has to be solved self-consistently as it depends on
n(r) =
∫
d3p
(2pih¯)3 f(r,p).
In practice, we start by ignoring the interaction term,
and determine µ0 from
∫
d3rd3p
(2pih¯)3 f(r,p) = Nσ where Nσ
is the number of atoms per spin species which defines
f0. Having a fi−1 we compute the density ni and the
corresponding interaction energy VMF,i. This defines
f(µi, VMF,i) from which we determine µi via normalisa-
tion. We then set fi = αf(µi, VMF,i) + (1− α)fi−1 with
α = 0.9. Iterating this procedure leads to convergence in
5-10 iterations for the parameters we consider.
Number Fluctuations: We can compute the expected
number fluctuations directly from the obtained density
profiles. The fluctuation-dissipation theorem describes
how the number fluctuations of the gas are related to the
isothermal compressibility: ∆N˜2/N˜ = nkbTκ, where the
isothermal compressibility κ = 1n2
∂n
∂µ .
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In the harmonic trap the chemical potential varies as
µ(r) = µ − U(r). Thus, the derivative with respect to
µ can be replaced by a derivative with respect to one
of the spatial directions as ∂n∂µ =
−1
m(2piνi)2ri
∂n
∂ri
, which
we can directly evaluate based on the computed density
profiles.
Dynamics: To obtain the dynamics we use the scaling
factor method [46–50] with the ansatz
f(r,p, t) =
1∏
j(λjθ
1/2
j )
f0
(
ri
λi
,
1
θ
1/2
i
(pi −mλ˙/λiri)
)
(10)
for the out-of-equilibrium distribution function of the
gas.
Following [46], we take the moments of ripi and p
2
i to
obtain a closed set of differential equations for the scaling
parameters λi, θi:
λ¨i + (2piνi)
2λi − (2piνi)2 θi
λi
+ (2piνi)
2ξi
(
θi
λi
− 1
λi
∏
j λj
)
= 0 , (11)
and
θ˙i + 2
λ˙i
λi
θi = −
(
θi − θ¯
)
/τ , (12)
where ξi =
g/2(N−1)〈n〉
g/2(N−1)〈n〉+〈p2i 〉/m accounts for the mean-
field interaction with 〈· · · 〉 being phase-space averages
with respect to the equilibrium distribution and θ¯ =
1/3
∑
i θi.
Time-of-flight: To study the expansion after switching
off the trap, the second term in equation (11) is set to
0, and the non-linear coupled differential equations are
solved for the scaling parameters, which when plugged
into the scaling ansatz yield the phase-space distribution
after time-of-flight.
For the non-interacting case the equations for the
expansion can be solved explicitly. In the collision-
less regime, θi = λ
−2
i , and the equation for λi can
be solved to obtain λ
(0)
i (t) =
√
1 + (2piνi)2t2. Us-
ing the non-interacting value of the initial RMS radii,〈
x2i
〉
0
(t = 0) = kbTm(2piνi)2 , we obtain after time-of-flight〈
x2i
〉
0
(t) = kbTm
1+(2piνi)
2t2
(2piνi)2
, such that the ratio of different
directions approaches 1, and the cloud becomes isotropic.
Virial expansion for the number fluctuations: An
alternative approach to derive the thermodynamic quan-
tities is provided by virial expansions of the partition
function of the interacting many body system [56–58].
As we are interested in the number fluctuations, and
thus, the isothermal compressibility κ = 1n2
∂n
∂µ , we start
from the expression for the chemical potential of a homo-
geneous Fermi gas at low temperature and weak interac-
tions [59], adapted to the SU(N) case
µ(n, T, a) = EF
[
1− pi
2
12
(T/TF )
2 +
4
3pi
(N − 1)kFa
+
4(11− 2 ln(2))
15pi2
(kFa)
2(N − 1)
]
+ CT 2a2 ,
(13)
where C is a constant independent of n. We can then
evaluate the compressibility from the dependence of n
on the Fermi parameters.
For simplicity we only keep terms up to first order, to
obtain for the number fluctuations
∆N˜2/N˜ = kBTnκ =
3
2
T/TF
1 + 2pi (kFa)(N − 1)
, (14)
which is the equation presented in the main text.
